A series of defined nanogels of 20-120 nm in diameter were synthesized by acidcatalyzed epoxid-opening polymerization based on glycerol in miniemulsion.
Introduction
Over the last decade hyperbranched aliphatic polyethers have gained widespread attention because of their high biocompatibility and solubility in water [1, 2] . These macromolecules typically exhibit compact, globular structures in combination with a high number of functional groups. Therefore a wide range of applications have been foreseen for them in biomedical science, which include solubility enhancement, MRI contrast agents, neutron capture therapy, gene therapy, drug delivery, and photodynamic therapy [3, 4] . Water soluble hyperbranched polyglycerols (hPGs), which are built of glycerol units, have played a major role here.
In 1999 Sunder et al. reported the use of latent AB 2 monomers for a ringopening multi-branching polymerization following single monomer methodology (SMM) which is based on polymerization of AB x -type monomers [5] . Polymerization of such monomers results in highly branched polymers, as long as A only reacts with B from another molecule. Intramolecular reaction between A and B results in termination of polymerization by cyclization [6] . This technique is interesting for polymer chemistry, because it hinders the formation of by-products. PG with the highest number-average molecular weight of 700 kDa and a particle size of approximately 10 nm were reported by Brooks et al. in 2006 [7] . In 2009 Frey et al.
achieved a molecular weight of 24 kDa in a two-step approach using a low molecular weight PG with low polydispersity index (PDI) as a macroinitiator [8] .
Particles ranging in size from 20-100 nm, however, are desired for several biomedical applications [1, 3] . The above-mentioned approaches show that classical methods do not yield particles of the required size [9, 10] . Thus the PG synthesis needs to be extended to larger polyether particles with controlled physical properties.
Recently, our group reported polyglycerol nanogels with controllable sizes that were between 25 and 85 nm in diameter using inexpensive, commercially available monomers [11, 12] or dendritic precursors [13] in miniemulsion. Degradable particles have also been obtained [14] . These nanogels are completely soluble in polar solvents including water and show promising results in cellular uptake studies due to their defined size and high biocompatibility.
Unlike the classical SMM based on glycidol, we followed the double monomer methodology (DMM), which was first reported in the work of Kakimoto [15] and Fréchet [16] on hyperbranched polymers via the A 2 +B 3 approach. We recently extended this approach to A n and B m . Copolymerization of A n and B m or other multifunctional monomers can also give rise to hyperbranched polymers, provided that the polymerization is kept below the gel point by limiting polymer conversion or by manipulation of the multifunctional monomer stoichiometry [6, 17, 18] . Exceeding the critical condition leads to undesired gelation, which can become beneficial when controlled by miniemulsion techniques.
Miniemulsions are specially formulated heterophase systems consisting of nanodroplets in a continuous phase. They can be fabricated by shearing a system containing two immiscible liquids, a surfactant, and an osmotic pressure agent, which is soluble in the dispersed phase but not in the continuous phase [19] . After rapid stirring and treatment with a sonicator the mixture becomes a dispersion containing rather monodisperse droplets of 50-500 nm in diameter [11, 13] . Each droplet acts as a discrete nanoreactor vessel, in which polymerization takes place. The resulting polymer particles ought to represent 1:1 copies of the dispersed droplets [20] . This last feature allows a wide range of well-defined materials to be prepared in an efficient way. (Fig. 1) .
Nanoparticles with unique physical properties have been shown to influence many vital interactions with the body including phagocytosis, circulation, targeting, and adhesion [21] . We have recently demonstrated that PG nanogels of 20-50 nm have ideal particle sizes for cellular uptake.
Here we report on the physical properties of polyether nanogels. For this purpose a series of branched polyethers has been synthesized by crosslinking a mixture of A n and B m building blocks as monomer and crosslinking agents respectively in miniemulsion in order to obtain nanogels with properties that are tunable and suited for different applications. 
General procedure for the preparation of particles 1-7 (example given for product 1).
A solution of the KLE surfactant (20 mg, 0.0025 mmol) in cyclohexane (15 mL) was vigorously stirred in a cylindrical 30-mL vial for 30 min. A mixture of A n , B m , and 0.2 mL DMSO was added to the cyclohexane phase. The amount of A n and B m was calculated so that the ratio between the hydroxyl and epoxide groups was 3:2 and the total mass of A n and B m was 1 g. The mixture was stirred vigorously for 1 h.
Afterwards a slightly turbid macroemulsion was formed, which would have otherwise rapidly separated. The formed macroemulsion was ultrasonicated for one minute with a sonic tip apparatus four times under water cooling to form a fully homogenous miniemulsion. (The resultant miniemulsion was stable for several hours.)
The miniemulsion was transferred to the resealable tube charged with a catalytic amount of para-toluene sulfonic acid (p-TSA). The miniemulsion was heated under stirring at 120 °C for 16 h. Finally the reaction was quenched with water and heated for 2 h.
After cooling to room temperature, the nanogels were precipitated as a honey like mass upon addition of n-hexane (30 mL). They were then purified from the surfactant by solid/liquid extraction, which was performed three times with n-hexane.
Separation of the product from lower molecular impurities was carried out by ultracentrifugation in ultracentrifuge tubes with 10 kDa MWCO. Yields of isolated polymer ranged between 10% and 50%. 
Results and Discussion

Synthesis
The synthesis of the nanogels was performed according to the procedure described above. The reaction is illustrated schematically in Fig. 2 . Different combinations of A n and B m building blocks are listed in Tab. 1. The applied reaction is based on a polyaddition of an alcohol to an epoxide by acid catalysis. The nanogels were synthesized from cheap and commercially available glycerol/oligoglycerols as monomers and bis-/trisepoxides as crosslinker.
Base-catalyzed polyaddition of aromatic bis-alcohol to bis-epoxide performed in miniemulsion has already been reported by Landfester et al [24] . In our case, the acid catalyzed reaction required higher temperatures, i.e. 120 °C. In order to stabilize the emulsion against Ostwald ripening, which can cause monomer diffusion from small to big droplets, DMSO was used as osmotic pressure agent [19, 25] . In the presence of the non-ionic copolymer surfactant KLE a controlled particle size of highly branched (random network) polyether polyol nanogel was obtained (Fig. 2 ). An approach without osmotic pressure agent led to formation of crosslinked polymer network on the macroscale, which was insoluble [25] .
Inverse gated 13 C NMR analysis
Analysis of PG by signal assignments for 13 C-NMR spectra was first reported by
Vandenberg [26] and later extended by Penczek [27] and Dworak [28] . Calculation of the degrees of branching, however, was only possible after Frey utilized inverse 
Degree of crosslinking and degree of branching
The degree of crosslinking (DC), defined as the number of crosslinks per monomer, is mostly determined as the reciprocal of the degree of swelling, which can be measured by swelling in a respective solvent [30] . In some cases it can be calculated based on NMR data [31] . These calculations, however, are more suited for networks consisting of long chain polymers.
Concerning their monomers, these nanogels can also be considered as hyperbranched polyglycerols, because every unit reacted with crosslinker resulted in a dendritic unit. Therefore their degrees of crosslinking can be correlated with the degree of branching (DB).
In general the DB may be calculated according to Fréchet (DB 1 ) or Frey (DB 2 )
by the following equations [5, 32, 33] . C-NMR, the DB value can be calculated as follows:
The branching in our case was "diluted" by an increased number of linear units of the monomer and in greater distances between the branching. The DB value of a hyperbranched polyglycerol typically ranges between 0.5-0.6 [34] , and the highest possible DB value of a simple HPG is 0.666. The DB value of a linear polymer is 0.
The results for the degree of branching of each nanogel are summarized in The calculation shows that the fraction of D was, however, much higher than expected. This can be explained by the occurrence of reaction b in Scheme 1, and leading to a high degree of branching. Furthermore, macrocycles may also be formed (reaction c in Scheme 1).
Motivated by these promising approaches, we investigated more systems based on oligoglycerol and multifunctional alcohols aiming increase the degree of branching.
However, contrary to expectation, oligoglycerol with a larger number of OH moieties did not lead to a higher DB value (Fig. 3b) . This can be partially explained by reduced activity of secondary alcohols. The main reason, however, is the average number of branches ( NB ). It is not possible, at least in a random process, to enhance the "density of branching" beyond a threshold value by using monomers with higher functionality [33] . The NB for an AB m -system is expressed as
For the A 2 +B 2 system there was just a tiny peak at  = 80 ppm in 13 C-NMR spectrum (Fig. 3c ) caused by dendritic C-H units. Dendritic units appear to be absent indicating the presence of a linear polymer.
Intrinsic viscosity []
Hyperbranched polymers as well as the glycerol based nanogels described in this work are generally globular in shape. The absence of entanglements is expected to lead to lower viscosities as compared to linear polymers. Furthermore, the nanogels could be applied at high concentration without a dramatic increase of the solution viscosity -this property is of great biomedical importance [35] .
The intrinsic viscosity was determined by measuring specific viscosities of diluted aqueous solutions at different concentrations followed by linear extrapolation to zero concentration. It is worth to mentioned that nanogel 1 (DB = 0.64) contains 11.2 mmol/g hydroxyl groups, which is close to number reported for classical hPG, as determined by titration. Nanogel 7 with the lowest DB value (0.04) carries 5.8 mmol/g OH groups. The differences in hydroxyl numbers may have impact on strength of hydrogen bonding interactions of the materials. However, hydrogen bonding should not disturb the measurements of intrinsic viscosity because of the low concentration of the substance.
As shown in Fig. 5 , the intrinsic viscosity decreased with an increasing degree of branching, but did not depend on the particle size. The viscosity showed an almost linear behavior in correlation with the DB value. Accordingly, it is possible to predict the viscosity based on DB, which can be controlled by the ratio of monomer to crosslinker ratios. The lowest intrinsic viscosity of 1.6 mL/g was detected for nanogel 1, with the highest degree of branching. Compared to the hPGs with DB values of 0.5-0.6 and intrinsic viscosity of 2.2 mL/g reported by Brooks, nanogel 1 exhibited a lower viscosity although the particles were much larger in size [7] . One of the potential uses of this class of nanogel is as plasma expanders which are typically infused at higher concentrations [35] . Nanogels with low degrees of branching, like nanogels 5 and 7, show similar viscosities as linear PEG, which can be attributed to entanglements [25] .
Particle sizes and swelling properties
The nanogels may contain cycles, formed by linear monomer according to the reaction path c (Scheme 1), which can affect nanogel properties like swelling. As no small cycles were observed by NMR, the degree of swelling was analyzed, which can be expressed as the reciprocal of the degree of crosslinking and is inversely proportional to the number of cycles. Usually it is measured as m absorbed solvent /m polymer .
Because of the physical characteristics of such waxy products however, the swelling property of the nanogel could not be measured this way. Therefore changes in the particle sizes between dry and swollen states had to be investigated. The particle sizes of nanogel 2, consisting of an A 3 +B 3 system, measured in the in the hydrated and in the dry state were found to be very similar [11] . Accordingly, nanogel 2 is less swellable and contains more cyclic units than nanogel 1. This feature could not be recognized by investigating viscosity because branching as well as cyclization lead to a more compact structure and consequently to a lower viscosity.
Cycle formation is only accessible by their swelling behavior.
DLS measurement revealed defined correlation curves, which implied a narrow particle size distribution and spherical shape of the sample which is confirmed by correlation function. By TEM, however, one could see elongated particles, which may have been either formed by collision of the droplets or by aggregation of two or more particles because of the drying effect.
Conclusion
A series of defined glycerol based nanogels with sizes between 20-120 nm in diameter were synthesized by miniemulsion polymerization. The investigation of several physical properties like degree of branching, size, viscosity, and swelling properties show a clear structure property correlation. Since glycerol based nanogels already showed good biocompatibility, these properties will be useful for a number of biomedical applications such as plasma expanders, drug delivery or medical imaging.
This work presented a way to synthesize glycerol based nanogels with predictable properties. In our ongoing work, we want to use these tailor-made particles for cellular studies. 
